Abstract: Poly(amidoamine) (PAMAM) dendrimers were incorporated into cross-linked poly(vinyl alcohol) (PVA) matrix to improve carbon dioxide (CO 2 ) separation performance at elevated pressures. In our previous studies, PAMAM/PVA hybrid membranes showed high CO 2 separation properties from CO 2 /H 2 mixed gases. In this study, three types of organic Ti metal compounds were selected as PVA cross-linkers that were used to prepare PAMAM/cross-linked PVA hybrid membranes. Characterization of the PAMAM/cross-linked PVA hybrid membranes was conducted using nanoindentation and thermogravimetric analyses. The effects of the cross-linker and CO 2 partial pressure in the feed gas on CO 2 separation performance were discussed. H 2 O and CO 2 sorption of the PAMAM/PVA hybrid membranes were investigated to explain the obtained CO 2 separation efficiencies.
obtained as 80 wt % isopropanol solutions from Matsumoto Fine Chemical (Chiba, Japan), and a PAMAM dendrimer (zero-generation) was purchased as a 20 wt % methanol solution from Sigma-Aldrich (St. Louis, MO, USA). The chemical structures of the materials mentioned above are shown in Figure 1 . T-2678 cross-linker is not given chemical structure in detail. Other chemicals used were of analytical grade and used as received. 
Membrane Preparation
PAMAM/PVA hybrid membranes (free-standing films) were prepared by casting a solution of PAMAM, PVA, and Ti cross-linker, at different weights, on a Teflon dish (inner diameter: 6.0 cm), as described in the reported study [6] , followed by drying at room temperature for 2 days to evaporate the water. Figure 2 shows a schematic diagram of the cross-linking process. PVA cross-linking was carried out with a Ti cross-linker in the presence of a PAMAM dendrimer in aqueous solution. The dendrimer was incorporated into the cross-linked PVA matrix to form a self-standing membrane. The representative resulting PAMAM/PVA hybrid membrane (PAMAM/PVA/TC-400 = 63.3/32.6/4.1 wt %) was transparent as seen in Figure 2 .
To enhance gas permeance, thin composite membranes were prepared by casting the precursor solution of hybrid membrane onto a polyvinylidene difluoride (PVDF) support membrane. The PVDF porous support membrane (hydrophobic surface, average pore size of 0.1 µm, thickness of 120 µm, and porosity of 80%) was purchased from Millipore Com (Tokyo, Japan). The cast membrane was then dried overnight and heated at 120 °C for 10 min. 
Permeation Experiments
The schematic diagram of the gas separation experiment setup used herein was provided in reference [8] . A CO 2 /H 2 (80/20 v/v) gas mixture was humidified at 80% relative humidity (RH) and then fed into a flat-sheet membrane cell at a flow rate of 100 mL/min. As reported in our previous studies, our membranes require humidity levels as high as 80% RH to achieve a high separation performance. The CO 2 partial pressures at the feed side were 80 and 560 kPa. Dry He was supplied at a flow rate of 10 mL/min to the permeate side of the cell as a sweep gas. The operating temperature was set at 40 °C. CO 2 and H 2 concentrations in both the feed and permeate gas were measured by gas chromatography. The permeance, Q, and selectivity, α CO2/H2 , were calculated as expressed in references [8, 9] .
Membrane Characterization
Nanoindentation measurements of the composite membrane were performed on a Triboindenter TI-950 (Hysitron Inc., Minneapolis, MN, USA) using a Berkovich indenter (three-sided pyramidal), a quasistatic mode, and an indentation depth of ~200 nm.
TGA was carried out using a PerkinElmer Pyris 1 TGA system (PerkinELmer Japan Co., Ltd., Yokohama, Japan). Measurements were made by heating the samples from 30 °C to 300 °C under nitrogen atmosphere at a heating rate of 5 °C/min. H 2 O sorption was performed on a BELSORP-aqua3 (BEL Japan, Inc., Osaka, Japan) at 40 °C. CO 2 sorption was conducted on a BELSORP-BG (BEL Japan, Inc., Osaka, Japan) at 40 °C, 80% RH, and a pressure range of 0-800 kPa; Gas 1 was H 2 O and Gas 2 was CO 2 . Figure 3 shows the nanoindentation tolerance evaluation of the membranes prepared in the absence (w/o) and presence of a cross-linking agent. PAMAM/PVA/TV-400 hybrid membrane had the highest elastic modulus. PAMAM/PVA/TC-310 hybrid membrane displayed the highest hardness.
Results and Discussion

Nanoindentation Analysis
PAMAM/PVA/T-2678 hybrid membrane had the lowest elastic modulus and hardness. However, the PAMAM/PVA hybrid membranes prepared in the presence of a cross-linking agent exhibited higher elastic modulus and hardness than those prepared in the absence of a cross-linking agent. The nanoindentation measurements suggest that cross-linking was effective to improve the mechanical strength of the PAMAM/PVA hybrid membranes. 
TG Analysis
Thermal gravimetric analysis curves of the PAMAM dendrimer and PAMAM/PVA hybrid membrane (PAMAM/PVA/TC-400 = 63.3/32.6/4.1 wt %) are shown in Figure 4 . The thermograph of PAMAM shows a mass loss of ~62.2% at 110 °C. The PAMAM/PVA hybrid membrane displays mass losses of ~17.6% at 110 °C and ~33.2% at 221 °C. The PAMAM-immobilized cross-linked PVA matrix shows considerably enhanced thermal stability when compared with the pure PAMAM dendrimer. The TG analysis suggests that cross-linking was effective to improve the thermal stability of the PAMAM/PVA hybrid membranes. 
Effect of Cross-Linker on CO 2 Separation Properties
CO 2 gas separation properties of the PAMAM/PVA hybrid membranes at 40 °C and 80% RH are shown in Figure 5 . The PAMAM/PVA hybrid membrane prepared in the absence of a cross-linker had a relatively low α CO2/H2 (CO 2 /H 2 gas selectivity). Conversely, the PAMAM/PVA/TC-400 hybrid membrane showed the highest CO 2 permeance (Q CO2 ) and α CO2/H2 . The PAMAM/PVA hybrid membranes prepared in the presence of cross-linking agents TC-310 and T-2678 had lower Q CO2 values when compared with that of membranes prepared in the absence of a cross-linking agent; however, the former hybrid membranes displayed higher α CO2/H2 values. Three types of cross-linkers were used to improve the mechanical strength and thermal stability of the PAMAM/PVA hybrid membranes. Furthermore, although the cross-linking structure did not improve CO 2 permeance (e.g., PAMAM/PVA/TC-310 and PAMAM/PVA/T-2678 hybrid membranes. Figure 5) , the cross-linking structure efficiently reduced H 2 permeance, thus resulting in improved CO 2 /H 2 selectivity. Regarding the PAMAM/PVA/TC-400 hybrid membrane, the cross-linking structure was more effective in improving CO 2 permeance, owing to the presence of the ethanol amino groups in TC-400 that would promote CO 2 sorption. To further investigate the effect of the ethanol amino groups on facilitating CO 2 sorption, H 2 O and CO 2 sorption onto the membranes were examined and the results are shown in Figures 6 and 7 . The PAMAM/PVA/TC-400 hybrid membrane showed higher H 2 O and CO 2 sorption when compared with the hybrid membranes prepared with the other two Ti cross-linkers. Consequently, the PAMAM/PVA/TC-400 hybrid membrane showed higher CO 2 permeance and selectivity. 
Pressure (kPa)
Effect of CO 2 Partial Pressure on CO 2 Separation Properties
The effect of CO 2 partial pressures on CO 2 separation properties using the composite membrane of smaller thickness prepared by casting precursor solution of PAMAM/PVA/TC-400 onto a PVDF support membrane is shown in Figure 8 . In general, as observed, CO 2 permeance decreased with increasing CO 2 partial pressures in the feed gas. Conversely, H 2 permeance was relatively constant and only decreased slightly as CO 2 partial pressure increased. As a result, the membrane showed high Q CO2 (1.1 × 10 A decrease in the permeance of CO 2 as pressure increases is typically observed when gas separation takes place via an improved transport mechanism process [14, 16] , as indicated by the CO 2 sorption behaviors. CO 2 sorption values increased from 0 to 0.075 g/g-membrane with increasing CO 2 partial pressures from 0 to 100 kPa, followed by a further increase from 0.075 to 0.094 g/g-membrane with increasing CO 2 partial pressures from 100 to 600 kPa. CO 2 sorption was facilitated by interactions between PAMAM dendrimer and CO 2 molecules. CO 2 sorption rates decreased as pressure increased. Moreover, CO 2 sorption sites in the membrane do not increase. As mentioned above, permeance of CO 2 decreased with increasing gas partial pressures. Conversely, H 2 sorption was hindered by the PAMAM dendrimers because of the absence of CO 2 chemical affinities. H 2 transport in the membrane was independent of the gas pressure and H 2 permeance remained unchanged. 
Conclusions
PAMAM was successfully immobilized in a cross-linked PVA matrix using three types of Ti cross-linkers to form PAMAM/cross-linked PVA hybrid membranes. The nanoindentation and TG analyses demonstrated that cross-linking was effective to improve the mechanical strength and thermal stability of the PAMAM/PVA hybrid membrane. CO 2 permeance and selectivity were different depending on the type of Ti cross-linker. PAMAM/PVA/TC-400 hybrid membrane showed higher H 2 O and CO 2 sorption than other hybrid membranes prepared with the other Ti cross-linkers, and the highest CO 2 separation capabilities. Moreover, the PAMAM/PVA/TC-400 hybrid membrane (thickness: 1.5 µm) showed CO 2 /H 2 selectivity over 30 and CO 2 permeance over 1.0 × 10 
